the entrance pressure drop compared to the total pressure drop across the capillary decreases with increasing length-to-diameter (L/D) ratio of the capillary. Indeed, it is common practice to use a single long capillary (L/D ≥ 30) in the hope that this overwhelms the entrance effects. Unfortunately this approach may introduce other error sources. That is, both the pressure effect on viscosity and viscous heating tend to become more pronounced as the L/D ratio of the capillary increases. Hence, it is preferable to use capillaries with small to moderate L/D ratios. This, however, increases the importance of performing the correction for the entrance pressure drop.
INTRODUCTION
In the capillary rheometer, a piston moving in a cylindrical reservoir drives the test fluid through a small capillary. The pressure drop across the capillary is typically determined by a pressure transducer mounted in the reservoir just above the capillary entrance. To obtain a true wall shear stress, i.e., a wall shear stress corresponding to the fully developed flow in the capillary, the measured pressure drop must be corrected for the additional pressure drop caused by the passage of the fluid through a contraction at the entrance to the capillary. In principle, the significance of DOI: 10.1515/arh-2008-0022
Traditionally, the correction for the entrance pressure drop is determined according to the method originally proposed by Bagley [1] . This method requires multiple measurements using capillaries of the same diameter but varying lengths (or L/D ratios). The measured total pressure drops are then plotted against capillary L/D at different flow rates (or apparent wall shear rates) to construct the so-called Bagley plot. To obtain the entrance pressure drops for different apparent wall shear rates, the measured pressure data are extrapolated to zero L/D. If the data fall approximately on straight lines, a linear extrapolation can be readily made. In practice this is not always the case, particularly, if capillaries having large L/D ratios are used to construct the Bagley plot. Most often the lines in the Bagley plot exhibit an upward curvature, which is a consequence of the pressure effect on viscosity. Sometimes downward curvature may also arise due to viscous heating or wall slip. Quadratic extrapolation has occasionally been used as it sometimes seems to give a better fit, if the lines in the Bagley plot curve upwards [2] . A better approach, however, is to establish measurement conditions such that the nonlinearities in the Bagley plot can be avoided. In any case, the construction of the Bagley plot requires considerable experimental effort since preferably at least three different capillaries should be used. An alternative, less laborious way to correct for the entrance pressure drop is to use an orifice die, that is, a capillary having a very small L/D ratio (typically less than 0.5). This type of die permits the entrance pressure drop to be measured directly without any extrapolation procedures. In this case only one capillary is needed in addition to the orifice die. It is worth noting that both methods actually measure the sum of the pressure drops at the entrance and exit of the capillary. However, the exit pressure drop is typically much smaller than the entrance pressure drop.
A number of authors [2 -5] have reported that the two approaches yield the same entrance pressure drops within experimental error. It was found, however, that a precondition for the reliable results with the orifice die is that the test material does not stick to the walls of the outlet region of the die; otherwise the entrance pressure drop is overestimated [3] . On the other hand, Bagley correction was observed to lead to a larger scatter in the measured entrance pressure drops [4] . Significantly higher entrance pressure drop values from the orifice die than from the Bagley plot, especially at low shear rates, were obtained by Sunder and Göttfert [6] . The point worth noting is that the use of the pressuredriven (gas-driven) capillary rheometer allowed them to measure such low shear rates which are virtually inaccessible to standard speed-driven capillary rheometers. A more detailed study on the design aspects of the orifice die has been conducted by Kim and Dealy [7] . They observed that by using a specially designed orifice die, accurate estimations of the entrance pressure drop can be achieved. In particular, their orifice die was designed to prevent melt from touching the walls of the outlet region. However, for rigidity reasons, such a design is obviously only possible when the contraction angle is less than 180°.
In this study, two different experimental approaches for evaluating the entrance pressure drop were compared: the direct measurement by the orifice die and the extrapolation from the Bagley plot. The orifice die used had an abrupt contraction (contraction angle 180°). The observed overestimation of the entrance pressure drop with the orifice die was further elucidated by using numerical flow simulation. 
METHODS

EXPERIMENTAL APPROACH
63258-2
Applied Rheology Volume 18 · Issue 6 having a diameter of 1 mm and length-to-diameter (L/D) ratios of 5, 10, 20 and 30 were used. The standard Göttfert orifice die used in this study has a length of 0.2 mm, a diameter of 1 mm and a conical outlet region, as depicted in Figure 1 . When the entrance pressure drop, Dp e , is known, the true wall shear stress, t w , can be obtained as (1) where Dp represents the total pressure drop across the capillary.
COMPUTATIONAL APPROACH
The pressure drop across the conical outlet area of the orifice die was also evaluated numerically. For modelling purposes, the axially symmetric isothermal creeping flow of a generalized Newtonian fluid was assumed. The shear rate dependence of polymer viscosity was described by the Carreau-Yasuda model according to (2) where h 0 , n, l, and a are the adjusting parameters of the model. The axisymmetric version of the continuity and momentum equations with appropriate boundary conditions were solved by means of the finite element method using the Comsol Multiphysics software package [8] . The boundary conditions imposed for the velocity consist of the no-slip condition at the wall, the parabolic profile at the inlet and the zero normalderivative condition at the outlet. The finite element mesh with boundary conditions is presented in Figure 2 . Note that the computational domain was extended upstream and downstream so that the flow field in the region of interest (i.e. in the conical section) is essentially unaffected by the inlet and outlet boundary conditions.
RESULTS AND DISCUSSION
In the Bagley plot for LDPE, the measured pressure drop data from different capillaries appeared to fall neatly on straight lines thus making linear extrapolation to L/D = 0 straightforward ( Figure 3 ). In the case of PS, however, an upward departure from straight lines was observed for the pressure drop values measured by a capillary of L/D = 30 (Figure 4) , which suggests that the viscosity is influenced by the pressure. Indeed, the viscosity of PS is known to have a stronger dependence on pressure than the viscosity of LDPE [9] . In determining the entrance pressure drop for PS, a linear extrapolation was used but the data measured with a capillary of L/D = 30 were excluded from the extrapolations;
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Figure 4 (right below):
Bagley plot for PS at different apparent shear rates using linear fits to the data from capillaries L/D = 5, 10, and 20 (note that experimental data points for L/D = 30 are only given for purposes of illustration). Table 1 : Shear stress at capillary wall; corrected by Bagley method, t w (Dp eB ), corrected with orifice die, t w (Dp e0 ), uncorrected, t w (L/D = 30), and percentage differences of the latter two to t w (Dp eB ). these data points are nevertheless shown in the Bagley plot of Figure 4 for illustrative purposes.
As anticipated, the orifice die produces higher values for the entrance pressure drop, and hence lower values for the wall shear stress, than the extrapolation from the Bagley plot. The values of t w obtained through these two methods as well as the values obtained by neglecting the correction for the entrance pressure drop with the capillary of L/D = 30 are listed in Table 1 . The overestimation of Dp e with the orifice die is attributable to the sticking of the melt to the wall of the outlet region, which is practically impossible to prevent in our orifice die. Note, however, that the values of t w obtained using the orifice die match more closely the Bagley corrected values than those obtained from a single L/D = 30 capillary without the correction for the entrance pressure drop. In the case of PS the pressure apparently affects the viscosity with the capillary of L/D = 30, as already inferred on the basis of Figure 4 . Indeed, contrary to common belief, the accuracy of single capillary measurements can not necessarily be improved by increasing the L/D ratio of the capillary, because other factors, such as the viscosity dependence on pressure and viscous heating, are more likely to come into play.
To estimate the parameter values of the Carreau-Yasuda viscosity model, Eq. 2, used in the numerical flow simulation, the viscosity values for LDPE and PS were determined from the present capillary rheometry data. The Bagley as well as Rabinowitsch corrections were applied to the raw data. In order to improve the fit, additional viscosity data for the low shear rate region were taken from the rotational rheometer measurements with the cone-and-plate geometry. The measured viscosity data and the resulting Carreau-Yasuda model fits are given for both materials in Figure 5 . Table 2 presents the pressure drop values measured directly with the orifice die, Dp e0 , the Bagley plot extrapolated values, Dp eB , and the differences between them, Dp e0 -Dp eB . In addition, the calculated pressure drops in the conical out-let region of the orifice die, Dp Calc , are given in this table. If this outlet region is full of melt during the experiment, the values obtained for Dp e0 -Dp eB should approximately correspond to those of Dp Calc . This seems to be more closely the case for PS implying that it sticks more to the outlet wall than LDPE. For LDPE the sticking seems to increase with increasing apparent shear rate, whereas for PS an opposite behaviour can be observed. This apparently also explains why the ratio Dp e0 /Dp eB remains almost unchanged for LDPE (ª 1.2), but decreases with increasing apparent shear rate for PS (from 2.1 to 1.3). It is worth noting, however, that the differences in the sticking behaviour between PS and LDPE are hard to observe visually. Moreover, the majority of the pressure drop in the outlet region of the orifice die develops right at the beginning, where the sticking is particularly difficult to see during the experiment.
The smaller relative difference between Dp e0 and Dp eB for LDPE may also be attributed to the extensional flow properties. Owing to the longchain-branched structure of LDPE it has a relatively high extensional viscosity, which, on the other hand, largely determines the pressure drop in the contraction flow at the capillary entrance. Thus, a larger entrance pressure drop for LDPE means a smaller relative difference between Dp e0 and Dp eB . No attempts were made to simulate directly the contraction flow. It is well known that the purely viscous constitutive equation used here (Eq. 2) is incapable of providing realistic descriptions for the extensional viscosity, which makes such simulations quite useless. The numerical flow simulations for estimating the entrance pressure drop in capillary rheometry have been performed by some authors, notably by Mitsoulis and Hatzikiriakos [10] using the integral-type K-BKZ constitutive relation. They attained reasonable entrance pressure drop predictions for low contraction angles (up to 30°), where the flow is apparently shear-dominated, but for larger contraction angles the entrance pressure drop was under-predicted.
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